Generation of Apoer2 Knockin Mutants
. press the 59 amino acid insert that is encoded by this exon.
As shown in Figure 2B , phosphorylation of Dab1 and Akt in neurons was dependent upon Reelin (lanes 1 and A replacement-type knockin vector was designed as shown in Figure 1A to direct expression from a cDNA 2) and did not occur in neurons lacking both receptors (lanes 3 and 4). The presence (lanes 5 and 6) or abcassette that was inserted by homologous recombination into the Apoer2 locus. A schematic that shows sence (lanes 7 and 8) of exon 19 did not affect the ability of Reelin to induce Dab1 or Akt phosphorylation, both forms of the ICD that either constitutively express the alternatively spliced exon 19 (ex19) or lack it comindicating that the insert encoded by exon 19 is not required for the initial activation and intracellular propapletely (⌬ex19) is shown in Figure 1B . Mice generated from targeted ES cells were bred to homozygosity and gation of the Reelin signal. We thus decided to explore whether it might be required for the coupling of the sigverified by Southern blotting and PCR (Figures 1C and . This suggests that the overall conpocampal slices from our ICD mutants. As shown in Because LTP is impaired in Apoer2-deficient mice, we decided to investigate the role of the ICD on Apoer2-and NMDA receptor-dependent synaptic plasticity. We had previously established that a theta burst stimulation (TBS) protocol most prominently revealed the LTP deficit in Apoer2-deficient mice (Weeber et al., 2002) . The degree of potentiation produced with this protocol was similar in all groups ( Figure 3C ). Thus, no significant differences of synaptic transmission, paired-pulse facilitation, and TBS-induced LTP were seen between wild-type and Apoer2 (ex19) and Apoer2 (Dex19) mice.
We have reported earlier that Reelin increased LTP induction in wild-type hippocampus slices. In addition, this increase in potentiation was dependent upon the presence of Apoer2 (Weeber et al., 2002) . We therefore sought to determine the response of LTP to Reelin in our Apoer2 ICD mutants. In response to Reelin, Apoer2 (ex19) mice showed a robust increase in LTP induction ( Figure 3D ), which was completely abrogated in the neuroanatomically indistinguishable Apoer2 (Dex19) mutant ( Figure 3E ).
To test whether the enhancement of LTP by Reelin is due, at least in part, to the modulation of NMDA receptors, we determined the effect of Reelin on NMDA receptor potentials in hippocampal slices for each animal group ( Figure 3F ). We found that Reelin potentiates NMDA receptor-mediated pEPSPs recorded in area CA1 when AMPA receptors are blocked with 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX). Wild-type and Apoer2 (ex19) mice showed a similarly significant increase in NMDA receptor potentials upon Reelin perfusion, which was maintained longer in the Apoer2 the Reelin effect was specific to NMDARs by examining isolated AMPAR responses to Reelin. In the presence of 100 M picrotoxin and 100 M D(-)-2-amino-5-phosnectivity across Schaffer collateral synapses is unalphopentanoic acid (AP-5 or APV), AMPA-EPSC was not tered in both mutants. Short-term plasticity was evalchanged by a 20 min application of Reelin (Figures 4A2 uated using paired-pulse facilitation and revealed no and 4C). significant differences in either of the animal groups Taken together, these data indicate that LTP encompared to each other or compared to wild-type conhancement by Reelin involves a molecular mechanism trol mice, with the exception of the 50 ms interpulse that is dependent upon the alternatively spliced exon interval, which was marginally reduced in the Apoer2
19. In addition, this mechanism involves, at least in (Dex19) mice ( Figure 3B ). Thus, we cannot rule out a minor contribution of Apoer2 to presynaptic functions.
part, the modulation of NMDA receptor functions. 
Apoer2 ICD Influences Animal Behavior
showed a trend toward reduced freezing ( Figure 5A ). When compared to wild-type mice, the Apoer2 (ex19) Apoer2 is also necessary for normal associative learning using a fear conditioning test (Weeber et al., 2002) . mutants (n = 11) showed comparable freezing to the reintroduction to the context ( Figure 5B ) at both 1 hr To better define the role of the alternatively spliced cytoplasmic insert in this learning paradigm, we assessed and 24 hr after training (p > 0.5, Dunnett's multiple comparison test). By contrast, the Apoer2 (Dex19) (n = 11) associative learning ability in wild-type and Apoer2 ICD mutants. We first performed two-trial fear conditioning mutant showed a highly significant reduction in freezing following the reintroduction to the context compared to by pairing an aversive stimulus (US; mild foot shock) with an acoustic component (CS; white noise) in a novel wild-type mice (n = 19) (1 hr and 24 hr; F [4, 45] = 11.19, p < 0.0001; one-way ANOVA) as well as compared to context. Fear response was assessed by the frequency at which normal motor behavior was disrupted by the Apoer2 (ex19) mutant (p < 0.01, q = 4.5) at the 1 hr (p < 0.05) and 24 hr contextual test times (p < 0.01). "freezing." The degree of freezing to the tone and shock during training was not significantly different between
We also performed open-field, rotorod, prepulse inhibition, and hot plate tests to ensure that the observed animal groups (data not shown). Figures 5A and 5B show the extent of short-term (1 hr, black bars) and deficits were not due to a pre-existing physical or behavioral deficit and found no significant differences in long-term (24 hr, white bars) associative learning to the (acoustic) cue and the (environmental) context. The exany of the animal groups compared to wild-type or to each other (data not shown). These observations inditent of learning was evaluated by the amount of freezing behavior of the animal.
cate that both Apoer2 ICD mutants show overall normal activity, perception, motor coordination, and nocicepAlthough both contextual and cued fear-conditioned learning are dependent on proper function of the amygtion, but that mutants that lack the alternatively spliced exon 19 show a severe contextual associative learning dala, only the contextual component of fear-conditioned learning is hippocampus dependent. The cue defect in the absence of auditory component deficits. Our observations that hippocampus-dependent learntest did not reveal any significant difference between the animal groups, although the Apoer2 (Dex19) mice ing is impaired in the Apoer2 knockout (Weeber et al., To determine if Apoer2 ICD mutants were capable of learning to use spatial cues to locate the escape platform, we subjected them to a probe test on day 12. test). Consistent with the associative learning test, the Apoer2 (ex19) mice thus learned to use spatial cues Animals from all groups employed a search strategy that focused on the quadrant in which the escape platto form a better escape strategy compared to the Apoer2 −/− and Apoer2 (Dex19) mutants and were comform had been located. However, a significant effect of the genotype on the time spent in the target quadrant parable to wild-type mice ( Figure 5C Figures 7B and 7E ) was abundantly present on number of synapses expressing Apoer2 in the hippocampus and should not be interpreted in absolute neuritic processes in a typical punctate synaptic staining pattern that overlapped (Merge, Figures 7D and 7G) terms. This is due to factors that influence the limits of detection, such as the relative abundance of Apoer2 with PSD-95 ( Figures 7C and 7F) , consistent with expression of Apoer2 in the postsynaptic densities of a and preservation of antibody epitopes during the fixation process. subset of synapses.
Apoer2 (
To finally and conclusively demonstrate that Apoer2 is present in postsynaptic densities of hippocampal Discussion synapses in vivo, we performed immunoelectronmicroscopy with affinity purified antibodies directed
We have used a homologous knockin gene replacement approach to selectively express nonspliceable against Apoer2 in the hippocampus of mice expressing ( Figure 7H Figure 3E ). By contrast, Apoer2 (ex19) slices robustly responded to subunits contributes to the maintenance of LTP (Rostas et al., 1996) . Reelin ( Figure 3D ) and maintained enhanced LTP without any degradation for the entire duration of the assay.
Our findings show that Apoer2 and NMDA receptors are indeed physically and functionally coupled in vivo. The response exceeded that seen in slices from wild-epitopes within the insert: the c-Jun N-terminal kinase interacting proteins JIP1 and JIP2, and the PDZ domain containing protein PSD-95. Either protein alone or in combination may exert its biological effect by a different mechanism. JIPs serve as scaffolding proteins for a kinase cascade that activates JNK, a serine/threonine kinase that can modulate LTP (Curran et al., 2003) . They have also been shown to bind to the motor protein kinesin (Verhey et al., 2001) . PSD-95, on the other hand, binds to NMDA receptors and may serve in the recruitment of Src family kinases to the complex (Tezuka et  al., 1999) , which in turn might be required to properly present the cytoplasmic domains of the NMDA receptor subunits to the active kinase for phosphorylation (Figure 8) . Our biochemical interaction and subcellular fractionation experiments, together with the light and immunoelectronmicroscopy results, suggest that Reelin signaling through Apoer2 modulates synaptic function mainly through a postsynaptic mechanism that involves tyrosine kinase activation.
One of the major mechanisms by which neurons con- C57BL/6 mice were fed over a 2 week period only during the night Neo-resistant ES cell clones were isolated and analyzed for homol-(6 pm to 6 am) or only during the day (6 am to 6 pm) on a constant ogous recombination. ES cell clones were screened by a PCR stratregular light cycle (light: 6 am to 6 pm). Total RNA was prepared egy in which a 1 kb fragment including part of the neo cassette and from a pool of six brains at the indicated time of day by using an exon 19 outside of the targeting region was amplified. Positively RNA STAT-60 Kit (Tel-Test, Friendswood, TX) and treated with targeted ES cell clones were verified by Southern blot analysis, DNase I (DNA-free; Ambion). First-strand cDNA was synthesized and the presence of the mutated ICD was confirmed by sequence with random hexamer primers by using the ABI cDNA Synthesis Kit analysis. Homologous recombination occurred in 1%-3% of all (Applied Biosystems), 2X SYBR Green PCR Master Mix (Applied G418-resistant ES cell colonies in each of the constructs. We Biosystems), and forward and reverse primers specific for mouse microinjected ES cell clones into C57BL/6J blastocysts and Apoer2 were added and real-time PCR quantification using the ABI backcrossed male chimeras to C57BL/6J females for germ-line PRISM 7900HT Sequence Detection System (Applied Biosystems) transmission. Since the neo cassette had the potential to affect the was performed. The following primer sequences were used for total phenotype of knockin mice, we excised the floxed neo cassette in Apoer2 (5#-AGTGTCCCGATGGCTCTGAC-3#, 5#-CAGCTTAACTTC vivo by mating heterozygous mutant males with CAG-Cre trans-TCGGCAGGA-3#), Apoer2 ex19 (5#-GCCCTCAAGGAGCTTTTT genic females (Sakai and Miyazaki, 1997). We monitored excision GTC-3#, 5#-AGGGTTCTTCGGGAGTTGGT-3#) and Apoer2 ⌬ex19 of the neo cassette by using DNA digested with BglII and Southern (5#-CAGTGTACAGGAAAACGACAGAAGA-3#, 5#-TGCCACTCGTGC blot analysis using an Apoer2-specific probe as well as Apoer2, GGG-3#). All reactions were performed in triplicate. Relative Cre, and neo PCR genotyping. Primers used for cloning and genoamounts of mRNAs were calculated by using the comparative C T typing can be supplied upon request.
method. As the invariant control, we used mouse cyclophilin mRNA. synaptosomal layer is concentrated at the 10%-20% interface. The Hippocampal slice preparations and LTP measurements were perpostsynaptic density (PSD) fraction was isolated by adding 1% Triformed on 3-month-old mice essentially as previously described ton X-100 to the synaptosomal fraction, incubation for 30 min on (Weeber et al., 2002) . Data from LTP experiments were analyzed ice, and centrifugation at 14,000 × g for 30 min. using a two-way ANOVA, with post hoc tests performed using Dunnett's multiple comparisons test.
Brain Histopathology

NMDA Receptor Phosphorylation Synaptically evoked whole-cell responses of isolated NMDAR-or
Wild-type mouse hippocampal slices were cut on a vibratome as AMPAR-mediated EPSCs (NMDA-EPSC) of CA1 pyramidal neurons described above and incubated with control or Reelin containing were obtained using an EPC10 double amplifier (Heka Elektronik) medium for 25 min in perfusion buffer. Slices were then spun down, with the aid of DIC microscopy (Leica DMLSFA). Hippocampal resuspended, and lysed in RIPA buffer and processed for immunoslices were cut between the CA3 and CA1 region to prevent epilepprecipitation with NR2A and NR2B antibodies. tiform activity and were preincubated for 30 min with 100 M picrotoxin and additional 10 M CNQX (NMDA-EPSC) or 100 M AP-5 (AMPA-EPSC). The patch electrodes (4-7 M⍀) were filled with a Confocal Microscopy For indirect immunofluorescence labeling, 2-to 3-week-old primary solution containing 117 mM Cs gluconate, 10 mM tetraethylammonium-Cl, 10 mM HEPES, 8 mM NaCl, 5 mM QX314-Cl, 4 mM Mg 2+ -rat hippocampal neurons plated on coverslips in a glial coculture system were fixed in situ for 5 min with absolute methanol at ATP, 2.5 mM CsCl, 0.3 mM Na3GTP, and 0.2 mM EGTA and adjusted to pH 7.2, 280-290 mOsm. Neurons were held at +30 mV or −60 −20°C. Slides were blocked with 1% BSA and 10% normal goat
